Although spontaneous blinking is one of the most frequent human movements, little is known about its neural basis. We developed a rat model of spontaneous blinking to identify and better characterize the spontaneous blink generator. We monitored spontaneous blinking for 55 min periods in normal conditions and after the induction of mild dry eye or dopaminergic drug challenges. The normal spontaneous blink rate was 5.3 Ϯ 0.3 blinks/min. Dry eye or 1 mg/kg apomorphine significantly increased and 0.1 mg/kg haloperidol significantly decreased the blink rate. Additional analyses revealed a consistent temporal organization to spontaneous blinking with a median 750 s period that was independent of the spontaneous blink rate. Dry eye and dopaminergic challenges significantly modified the regularity of the normal pattern of episodes of frequent blinking interspersed with intervals having few blinks. Dry eye and apomorphine enhanced the regularity of this pattern, whereas haloperidol reduced its regularity. The simplest explanation for our data is that the spinal trigeminal complex is a critical element in the generation of spontaneous blinks, incorporating reflex blinks from dry eye and indirect basal ganglia inputs into the blink generator. Although human subjects exhibited a higher average blink rate (17.6 Ϯ 2.4) than rats, the temporal pattern of spontaneous blinking was qualitatively similar for both species. These data demonstrate that rats are an appropriate model for investigating the neural basis of human spontaneous blinking and suggest that the spinal trigeminal complex is a major element in the spontaneous blink generator.
Introduction
Spontaneous blinking is one of the most frequent human movements. At an average rate of ϳ14 blinks per minute when looking straight ahead (Doughty, 2001) , people make ϳ14,000 spontaneous blinks during a waking day. Because maintaining corneal tear film requires only three to four blinks per minute (Al-Abdulmunem, 1999) , many more blinks are made than necessary to maintain corneal moisture. Given that the main purpose of the eyelids and blinking is to maintain the corneal tear film (Sibony and Evinger, 1998; Evinger, 2010) , it is not surprising that corneal afferent inputs modify spontaneous blinking. The blink rate increases with ocular irritation and decreases with corneal anesthesia (Ponder and Kennedy, 1927; Tsubota and Nakamori, 1995; Tsubota et al., 1996; Nakamori et al., 1997; Zaman et al., 1998; Schlote et al., 2004; Naase et al., 2005; Borges et al., 2010) . Nevertheless, spontaneous blinking is not simply a reflection of corneal afferent inputs (Acosta et al., 1999; Al-Abdulmunem, 1999) because the kinematics of trigeminal reflex blinks are significantly different from those of spontaneous blinking (Evinger et al., 1991) and corneal and conjunctival anesthesia does not eliminate spontaneous blinking (Naase et al., 2005) .
Nonophthalmic processes also modify spontaneous blinking. Brain dopamine levels modify spontaneous blinking such that reduced dopamine levels decrease blink rate and elevated dopamine levels increase the blink rate (Karson et al., 1981b (Karson et al., , 1982a Karson, 1983; Lawrence and Redmond, 1991; Kleven and Koek, 1996; Taylor et al., 1999; Korosec et al., 2006) . Cognitive states also modify spontaneous blink rate. For example, the average blink rate is lowest during reading and highest during conversation (Ponder and Kennedy, 1927; Fogarty and Stern, 1989; Orchard and Stern, 1991; Doughty, 2001; Pivik and Dykman, 2004) .
Thus, spontaneous blinking appears to arise from the activity of an endogenous spontaneous blink generator (Blount, 1927; Ponder and Kennedy, 1927; Stern et al., 1984; Karson, 1988; Naase et al., 2005) that is modulated by corneal afferents, dopamine, and cognitive states. Other than blink rate, however, the properties of the spontaneous blink circuit have not been characterized and its location is unknown. To understand how cognitive processes and disease states modify spontaneous blinking, it is critical to develop a mammalian animal model with which to identify the neural circuits responsible for generating spontaneous blinks.
Rodents provide an excellent model system to identify the neural bases for spontaneous blinking. The characteristics of rodent and human reflex blinking are qualitatively similar (Pellegrini et al., 1995; Powers et al., 1997; Schicatano et al., 2000) , and basal ganglia modulation of trigeminal reflex blinks is identical in primates and rats Gnadt et al., 1997) . To characterize the rat spon-taneous blink generator, we monitored spontaneous blinking for periods of 1 h and determined the temporal organization of spontaneous blinking under normal conditions, dry eye, and dopaminergic challenges. Finally, we compared these data with human spontaneous blinking.
Materials and Methods

Subjects
Spontaneous blinking was monitored in 11 male Sprague Dawley rats (200 -600 g) maintained on a reversed 12 h light/dark cycle and fed ad libitum. All rat data were collected during the rats' subjective night. Ten human subjects (aged 21-61, 7 female and 3 male) also participated in the study. These subjects gave informed consent for their participation. Other than refractive errors, none of the human subjects had any history of eye abnormality or neurological disease. All experiments were performed in accordance with Federal, State, and University regulations regarding the use of humans and animals in experiments and received approval of the University Institutional Review Board and the Institutional Animal Care and Use Committee.
Procedures
Rats. Under general anesthesia (ketamine 90 mg/kg, xylazine 10 mg/ kg), rats were prepared for chronic recording of the orbicularis oculi EMG (OOemg) and stimulation of the supraorbital branch of the trigeminal nerve (Dauvergne and Evinger, 2007) . OOemg recordings were performed with a pair of Teflon-coated stainless steel wires (0.003 inch diameter bare, 0.0055 inch coated; A-M Systems) implanted into the orbicularis oculi muscle near the lateral canthus. Rats received analgesics for 24 h after the surgery (Ketorolac, 7 mg/kg). Rats were alert and eating within 24 h of the surgery, but at least 1 week passed before the experiments began. In addition to using the OOemg to monitor the occurrence and size of spontaneous blinks, we also recorded lid movements with an infrared detector (Weiss and Disterhoft, 2008) to corroborate blinks in some rats (see Fig. 1 ). As there was no difference between blink patterns determined with OOemg recordings and infrared recordings, we combined these data in group analyses. Although supraorbital nerve stimulation was not used in these experiments, the rats participated in subsequent experiments that involved evoking reflex blinks with supraorbital nerve stimulation.
In five of the rats, we collected several days of control data and then produced a unilateral dry eye condition. Rats were anesthetized and the exorbital lacrimal gland (Lorber, 1993; Walcott et al., 2005) ipsilateral to the OOemg electrodes was removed to create a unilateral dry eye. This mild dry eye did not produce corneal ulcerations because rats have two additional glands that contribute to the aqueous portion of the tear film (Williams, 2002) . Rats received postoperative analgesics. Spontaneous blink recordings began 2-5 d after the exorbital gland surgery. For these rats, spontaneous blinking was compared within subjects before and after dry eye.
We monitored spontaneous blinking before and after treatment with apomorphine or haloperidol in three rats not used in the dry eye experiments. After collecting 1 h of spontaneous blinking, the rats received a subcutaneous injection of 0.1 mg/kg haloperidol (Research Biochemicals) in 10% ascorbic acid in water, 1 mg/kg apomorphine hydrochloride (Sigma) in saline, or saline. Ten minutes after drug injection, we collected another hour of spontaneous blinking.
Humans. After acquiring informed consent, an eyelid measuring system was attached to human subjects. To use the magnetic search coil system, the subjects sat in a Helmholtz coil with their head stabilized by a chin rest. A 2 mm diameter coil was taped onto the center of the lower margin of the upper eyelid (Evinger et al., 1991) . Great care was taken to ensure that subjects did not find the coil uncomfortable or irritating. Particularly for subjects with an epicanthal fold, we used an infrared system for measuring eyelid movements (ASL model 210 Eye Tracking System). With sensor adjustment, the infrared monitor provided an accurate measure of upper eyelid position (see Fig. 1 ).
Data collection and analysis
Spontaneous blinks were monitored in rats as they moved freely in their home cage in a darkened room during their subjective night. Rat OOemg and lid position were recorded for1 h. With humans, eyelid position was recorded while the subjects watched one of several films lacking strong emotional content. The screen was 1.5 m in front of the subject at eye level. Lid position was recorded continuously for at least 27 min. Lid position signals were amplified and filtered from DC-300 Hz. All data were sampled at 2 kHz per channel (Data Translation; 12-bit analog-todigital resolution) and stored for later analysis using laboratory developed software. Although spontaneous blinking was recorded for at least 60 min in rats and 27 min in humans, we did not analyze the first 5 min of data in rats or the first 3 min of data in humans to enable subjects to habituate to the experimental situation (Ponder and Kennedy, 1927; Karson et al., 1981a; Naase et al., 2005) . Data reported here do not include the habituation period.
We used a variety of mathematical measures to identify and characterize temporal patterns of spontaneous blinking in addition to the typical measures of blink rate and mean and median interblink interval (IBI). For the temporal analysis, we ignored spontaneous blink amplitude and treated each spontaneous blink as a point process, a unitary event that occurred at the start of OOemg activity or lid closure. To identify temporal organization in the pattern of spontaneous blinking, we divided the period of data collection into 1, 3, 6, or 10 s bins and determined the blink rate (blinks/min) for each bin spanning the analysis period. Using MATLAB scripts, we calculated the autocorrelation functions of these binned data to reveal repeating patterns of spontaneous blinking. A fast Fourier transform (FFT) was then performed on the autocorrelation to quantify the frequency components of the spontaneous blinking. We used the Fano factor, normalized variance, to characterize the periodicity of the spontaneous blink pattern further.
We calculated the Fano factor using counting intervals that increased in 1 s increments. For example, the analysis period was divided into 1 s bins and the number of blinks occurring in each bin determined. The Fano factor for this counting interval was the variance divided by the mean number of blinks determined over all bins at this counting interval. This calculation was repeated for each counting interval. We plotted the Fano factor as a function of the counting intervals on a log-log plot. The Fano factor provides a measure of whether the variable occurrence of blinks ( Fig. 1 ) matches a Poisson distribution over different time scales (Eden and Kramer, 2010) .
To test whether the temporal organization of spontaneous blinks was critical in these measurements, we randomly shuffled the IBI order and recalculated the autocorrelation, FFT, and Fano factor for these randomized blink sequences. Shuffling did not change the mean blink rate or IBI distribution. Results are presented as mean Ϯ SEM. Statistical analyses used SPSS software.
Results
Rat spontaneous blinking
The IBI distribution suggested that the average blink rate failed to characterize spontaneous blinking adequately (Fig. 1) . The mean IBI of spontaneous blinking for the 11 rats was 12.6 Ϯ 0.75 s calculated over all rats and days of data collection. The IBI distribution, however, did not exhibit a normal distribution as the median IBI was only 4.7 s. To evaluate the IBI distribution for each day of data collection, we determined IBI probability using 0.5 s bins for each day of data collection for all rats. For rat A, short IBIs had the highest probability, and probability decreased as IBI duration increased (Fig. 2 A, symbols) . Averaging the IBI probability across days provided an estimate of this rat's IBI probability distribution (Fig. 2 A, solid line) and created a metric for comparison among rats. The average IBI probability distribution was similar for all 11 rats (Fig. 2 B, symbols) . Plotting the log of the average of all of the average IBI probabilities as a function of the log IBI revealed power law scaling of IBI probability for IBIs Ͼ0.25 s (Fig. 2 B, inset) . For IBIs larger than 0.25 s, the equation c*IBI ␣ described this power law scaling where ␣ is the scaling factor and c is a constant. As c does not affect the shape of the equation, this value was not considered in our analysis. For rat A, ␣ ranged from Ϫ0.53 to Ϫ0.94 across days. The ␣ value for the averaged IBI probability for each rat ranged from Ϫ0.61 to Ϫ1.07.
The increased probability of short rather than long IBIs ( Fig.  2 A, B) meant that a brief period of data collection should produce a higher blink rate than a long period of data collection. To test this prediction, we calculated the average blink rate in increments of 1 min for the first 25 min of data collection after the habituation period for four rats (Fig. 2C ). The average blink rate was always higher when averaging across the first 10 min of data collection than when averaging across all 25 min. For all rats across all days, the average blink rate for 10 min of data collection (6.6 Ϯ 0.5 blinks/min) was significantly higher than the average blink rate with 55 min of data collection (5.3 Ϯ 0.3 blinks/min; t (54) ϭ 5.7, p Ͻ 0.001). Consistent with the property of power law distributions, which do not possess means when ␣ Ͼ Ϫ2, the estimate of the spontaneous blink rate was a function of the length of data collection.
The combination of frequent short IBIs with a few long IBIs suggested that spontaneous blinking exhibited periodicity. Plotting the blink rate every 10 s for 4200 s of spontaneous blinking revealed such periodicity for rat E (Fig. 3A) . To identify the temporal organization of the blinks, we performed an autocorrelation on this blink pattern (Fig. 3C) . We quantified the periodicity present in the autocorrelation by performing an FFT of the autocorrelation (Fig. 3E) . The FFT revealed a dominant frequency of 0.002 Hz, indicating that this pattern of spontaneous blinking repeated every 500 s. To determine whether these calculations resulted from actual temporal patterning, we randomly shuffled the IBI order of these data and repeated the measurements (Fig.  3 B, D,F ). Shuffling did not affect the blink rate or IBI probability distribution. Nevertheless, shuffling substantially reduced the periodicity revealed by the autocorrelation (Fig. 3D ) and the FFT of the autocorrelation (Fig. 3F ) . The highest power of the shuffled data (9.2) ( Fig. 3F ) was less than that of the normal data (20.2) ( Fig. 3E ) and occurred at a higher frequency (normal: 0.002 Hz, shuffled: 0.00625 Hz). Shuffling significantly reduced the FFT peak power determined across all rats and days (normal: 17.1 Ϯ 1.1; shuffled: 10.3 Ϯ 0.4; t (59) ϭ 6.6, p Ͻ 0.001). Utilizing 1 s bins, the frequency at the peak power of the autocorrelation FFT was significantly lower for the normal than for the shuffled data over all rats and days tested (t (59) ϭ Ϫ3.1, p Ͻ 0.005). Averaged across Interblink interval and spontaneous blink rate. A, Interblink interval probability distributioncalculatedin0.5sbinsfor5dofdata(opensymbols)forratA.Thesolidlineistheaverageofthe probability distribution across days. B, Average interblink interval probability distribution across days for 11 rats (symbols) and the average of these distributions (solid line). The inset shows the average probability distribution as a function of interblink interval on a log-log scale. C, Mean blink rate determined in increments of 1 min for four rats over the first 25 min of data collection.
animals and days, the pattern of rat spontaneous blinking exhibited a frequency at the peak power of 0.0039 Hz, a 253 s period. The median frequency at the peak power was 0.0013 Hz, a 750 s period.
For all rats, the log Fano factor for spontaneous blinking increased with the log counting interval (Fig. 4) . This result demonstrated that spontaneous blinks were not independent events. If the occurrence of spontaneous blinks followed a Poisson distribution, then the Fano factor would be 1 at all counting intervals (Snedecor and Cochran, 1967) . The increasing Fano factor with counting interval was consistent with spontaneous blinking exhibiting periodicity in which blinks were not independent (Fig.  3) . Supporting this interpretation, disrupting spontaneous blink periodicity by shuffling significantly reduced the mean exponent of the increase in log Fano factor from 0.36 Ϯ 0.02 to 0.19 Ϯ 0.01 (t (59) ϭ 11.9, p Ͻ 0.001) over all rats and days. Given the importance of periodicity in producing the logarithmically increasing Fano factor, we anticipated that the Fano factor exponent would increase as the regularity of the spontaneous blink periodicity increased (Middleton et al., 2003) . When Rat E's autocorrelation FFT revealed strong power over a narrow frequency range (Fig.  4C) , the Fano factor increase was steeper (Fig. 4 A) than on a day when the peak power of the autocorrelation FFT was much less restricted to a narrow frequency (Fig. 4D) . The Fano factor exponent increased with the peak power of the autocorrelation FFT across all days and rats (Fig. 4E) . Thus, the Fano factor exponent estimated the regularity of the spontaneous blink pattern.
To determine whether the size of bins used to measure blink rate affected the computation of autocorrelation frequency and power, we calculated the blink rate, autocorrelation, and FFT of the autocorrelation for the same data from four rats using different sized bins (Fig. 5) . Increasing bin size from 1 to 3 to 6 to 10 s did not change the pattern of the autocorrelation (Fig. 5A-D) . The maximum power of the FFT calculated for these autocorrelations decreased with bin size, but the frequency at peak power did not change for this rat (Fig. 5E ). For all four rats, frequency at peak power was unaffected by bin size (Fig. 5F ) and peak power decreased with bin size (Fig. 5G) . To use data arrays that most closely approximated individual blink occurrence, all values presented are from calculations using 1 s bins.
A second potential confound is that spontaneous blink periodicity may be an artifact of the spontaneous blink rate. To resolve this issue, we plotted our measures of periodicity as a function of blink rate. The peak power of the autocorrelation FFT was not correlated with the mean blink rate (Fig. 6 A) (r ϭ 0.032). Likewise, the frequency at the peak power of the blink pattern was unrelated to the blink rate (Fig. 6 B) (r ϭ 0.17). Finally, the Fano factor exponent was uncorrelated with the blink rate across all rats and days (r ϭ 0.2; data not illustrated). Thus, the periodicity of spontaneous blinking was independent of the spontaneous blink rate.
To test whether rats provided a reliable model for human spontaneous blinking, we characterized rat spontaneous blinking in conditions known to affect human spontaneous blink rates.
Numerous studies demonstrated that dry eye increased the spontaneous blink rate of humans (Tsubota and Nakamori, 1993; Tsubota et al., 1996; Nakamori et al., 1997; Himebaugh et al., 2009 ). Parkinson's disease, however, decreased spontaneous blink rate (Karson et al., 1982b; Golbe et al., 1989; Deuschl and Goddemeier, 1998; Korosec et al., 2006) . In primates, dopaminergic antagonists reduced the blink rate and dopaminergic agonists increased the spontaneous blink rate (Karson et al., 1982a; Karson, 1983; Agostino et al., 1987; Blin et al., 1990; Elsworth et al., 1991; Lawrence and Redmond, 1991; Kleven and Koek, 1996; Taylor et al., 1999) . Thus, if rat spontaneous blinking is a model for human blinking, then dry eye and dopamine receptor agonists should increase the blink rate and dopamine receptor antagonists should decrease the spontaneous blink rate of rats.
Dry eye
Unilateral removal of the exorbital gland significantly increased the spontaneous blink rate of rats as occurs in humans with dry eye. Based on a 3300 s period of data collection, the mean blink rate increased significantly from 4.8 Ϯ 0.4 blinks/min before exorbital gland removal to 6.6 Ϯ 0.6 blinks/min afterward (t (43) ϭ 2.51, p Ͻ 0.05) for the five rats tested. Dry eye also increased the regularity of spontaneous blinking (Fig. 7) . Plotting the spontaneous blink rate over 3300 s of spontaneous blinking using 10 s bins revealed stronger periodicity for rat A after dry eye (Fig. 7B ) than before exorbital gland removal (Fig. 7A) . Autocorrelations of these instantaneous blink rates (Fig. 7C,D) and FFTs of the autocorrelations (Fig. 7 E, F ) confirmed the increased regularity of the blink pattern associated with dry eye. In this example, the peak power of the dry eye FFT was 44% higher than the peak power of the control condition. Quantifying the data from all days and rats before and after exorbital gland removal using 1 s bins confirmed the increase in spontaneous blink periodicity by dry eye. The peak power of the autocorrelation FFT was significantly higher after exorbital gland removal than before dry eye (t (43) ϭ Ϫ3.53, p Ͻ 0.005). Although the mean frequency at peak power decreased from 0.005 Ϯ 0.003 Hz before dry eye to 0.0017 Ϯ 0.0003 Hz after exorbital gland removal, this change was not significant (t (43) ϭ 1.07, p Ͼ 0.05). Consistent with the enhanced regularity of the blink pattern, the Fano factor exponent was significantly higher with dry eye than in control conditions (t (43) ϭ 3.83, p Ͻ 0.001). Peak power (r ϭ 0.03) (Fig. 8 A) , frequency at peak power (r ϭ 0.05) (Fig. 8 B) , and the Fano factor exponent (r ϭ 0.3) (Fig. 8C) were independent of spontaneous blink rate with dry eye. Thus, dry eye significantly increased the spontaneous blink rate and enhanced the regularity of spontaneous blinking. The elevated regularity, however, was independent of the increased blink rate. The increased blink rate produced from dry eye could result from the occurrence of corneal reflex blinks that were uncorrelated with the blinks produced by the spontaneous blink generator. Conversely, dry eye could modify the spontaneous blink generator. In the first case, reflex blinks should obscure the periodicity of spontaneous blinks because the occurrence of reflex blinks would be independent of ongoing spontaneous blinks. Our data, however, demonstrated the converse, that dry eye increased the regularity of spontaneous blinking (Fig. 7) . Consistent with dry eye modulating the neural circuit that generated spontaneous blinking, the relationship between the autocorrelation FFT peak power and the Fano factor exponent was not significantly different between dry eye and control conditions (t ϭ Ϫ1.4, p Ͼ 0.05) (Fig. 7H ) . In addition, the frequency at the peak power of the autocorrelation FFT did not change significantly with dry eye. Thus, the data indicated that dry eye modified the spontaneous blink generator to increase blink rate and to enhance its regularity without altering its underlying temporal characteristics. 
Dopaminergic modulation of spontaneous blinking
Consistent with the decreased blink rate in Parkinson's disease, systemic dopamine antagonists reduced the spontaneous blink rate, whereas dopamine agonists increased the spontaneous blink rate of primates (Karson, 1983; Lawrence and Redmond, 1991; Adamson, 1995; Deuschl and Goddemeier, 1998; Taylor et al., 1999; Hallett, 2000; Esteban et al., 2004; Korosec et al., 2006) . If rodent spontaneous blinking models human blinking, then treating rats with haloperidol, primarily a D 2 receptor antagonist, should decrease spontaneous blink rate, whereas treatment with apomorphine, a nonselective dopamine receptor agonist, should increase spontaneous blink rate. The data supported this prediction. Treatment with 1 mg/kg apomorphine significantly raised the blink rate from 5.7 Ϯ 1.1 to 11.0 Ϯ 1.2 blinks/ min (t (4) ϭ Ϫ5.56, p Ͻ 0.005) (Fig. 9A) . In contrast, treatment with 0.1 mg/kg haloperidol significantly reduced the blink rate from 6.3 Ϯ 0.9 to 1.9 Ϯ 0.3 blinks/min (t (6) ϭ 7.55, p Ͻ 0.001) (Fig. 9A) . Injections of saline alone did not significantly alter the spontaneous blink rate (pre 6.8 Ϯ 1.1, post 7.3 Ϯ 1.5; t (4) ϭ Ϫ0.61, p Ͼ 0.05) (Fig. 9A) . Coincident with the change in blink rate, dopaminergic drugs significantly altered blink amplitude. As blink rate increased with apomorphine treatment, the mean spontaneous blink amplitude significantly decreased by 67% from its pretreatment amplitude (t (4) ϭ 11.71, p Ͻ 0.001) (Fig. 9B) . A 20% increase in spontaneous blink amplitude (t (5) ϭ Ϫ2.8, p Ͻ 0.05) (Fig. 9B ) accompanied the reduction in blink rate produced by haloperidol. As with the absence of changes in blink rate with saline, there was an insignificant 6% increase in spontaneous blink amplitude (t (5) ϭ 2.27, p Ͼ 0.05) (Fig. 9B) .
To determine whether dopaminergic treatment altered the periodicity of spontaneous blink patterns, we determined the difference between the data and its shuffle for both the predrug and postdrug treatment. We then compared these differences to determine whether dopaminergic drugs affected spontaneous blink periodicity. We adopted this approach because the dramatic reduction in blink rate produced by haloperidol created an artificial periodicity by inserting long periods without blinks within the 3300 s periods of data collection (Fig. 10) . Before haloperidol, the blink rate as a function of time exhibited a nor- Figure 9 . Effects of dopaminergic drugs on spontaneous blinking. A, Mean blink rate before (gray bars) and after (black bars) saline, 1 mg/kg apomorphine, and 0.1 mg/kg haloperidol. B, Blink amplitude relative to blink amplitude before drug treatment, before (gray bars) and after (black bars) saline, 1 mg/kg apomorphine, and 0.1 mg/kg haloperidol. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. Figure 10 . Effect of dopaminergic drugs on spontaneous blinking. A, Blink rate in consecutive 10 s bins for 3200 s before treatment. B, Blink rate in consecutive 10 s bins for 3200 s before treatment after randomly shuffling the IBIs from A. C, Log Fano factor as a function of log counting interval for the normal data (black line, A) and the shuffled data (gray line, B). D, Relative Fano factor exponent before (gray bars) and after (black bars) saline, 1 mg/kg apomorphine, and 0.1 mg/kg haloperidol. E, Blink rate in consecutive 10 s bins for 3200 s after 1 mg/kg haloperidol. F, Blink rate in consecutive 10 s bins for 3200 s with 1 mg/kg haloperidol treatment after randomly shuffling the IBIs in E. G, Log Fano factor as a function of log counting interval for the normal data (black line, A) and the shuffled data (gray line, B) after 1 mg/kg haloperidol. H, Fano factor exponent as a function of peak power of the autocorrelation FFT for all animals and days before (open symbols) and after (filled symbols) treatment with saline (224), 1 mg/kg apomorphine (⌬), or 0.1 mg/kg haloperidol (Ⅺ). Records in A-C and E-G are data from a single day for one rat. *p Ͻ 0.05.
mal periodicity (Fig. 10A ) that random shuffling of the IBIs reduced (Fig. 10 B) . This loss of periodicity produced by shuffling was clear from the reduction in the Fano factor exponents produced by shuffling (normal pre ϭ 0.42, shuffled pre ϭ Ϫ0.02) (Fig. 10C ). After 0.1 mg/kg haloperidol, there were episodes of multiple blinks interspersed with prolonged periods without blinks (Fig. 10 E) . Shuffling the IBIs, however, created apparent periodicity because the brief intervals of blinking were interleaved with those long IBIs without a blink (Fig. 10 F) . The Fano factor exponents of the normal data (0.45) (Fig. 9G ) and the shuffled IBIs (0.34) (Fig. 10G) were only slightly different, indicating that the apparent periodicity was a result of haloperidol creating multiple long IBIs rather than from changes in the periodicity of the spontaneous blink generator. Comparing the difference between the Fano factor exponent for the obtained and the shuffled IBIs for predrug and postdrug conditions for all animals and days indicated a significant decrease in spontaneous blink regularity produced by haloperidol (t (6) ϭ 2.51, p Ͻ 0.05) (Fig. 10 D) , a significant increase in regularity with apomorphine treatment (t (4) ϭ Ϫ3.08, p Ͻ 0.05) (Fig. 10 D) , but no change following saline injections (t (4) ϭ Ϫ0.19, p Ͼ 0.05) (Fig. 10 D) .
As with dry eye, dopaminergic drugs affected spontaneous blink regularity without altering the spontaneous blink period. There were no significant differences between the frequency at the peak power between the three groups before drug treatment (F (14) ϭ 1.05, p Ͼ 0.05) or after treatment (F (14) ϭ 1.24 p Ͼ 0.05). There were also no significant differences between the frequency at peak power before and after any drug treatment. The relationship between peak power and the Fano factor exponent remained consistent before (Fig. 10 H, open symbols) and after ( Fig. 10 H, filled symbols) drug or saline treatment. Although activating or blocking dopamine receptors did not affect the periodicity of rat spontaneous blinking, the data revealed that apomorphine enhanced regularity, whereas haloperidol diminished the regularity of spontaneous blinking.
Human spontaneous blinking
Similar to results of other investigations (Al-Abdulmunem, 1999; Doughty, 2001) , we found the average spontaneous blink rate of 10 human subjects was 17.6 Ϯ 2.4 blinks/min when monitored for 24 min. Across all subjects, the blink rate ranged from a high of 25.5 to a low of 6.9 blinks/min. The mean IBI was 4.3 Ϯ 0.8 s. Humans clearly blinked spontaneously more frequently than rats (Fig. 1) . Nevertheless, given that the temporal characteristics of rat spontaneous blinking were independent of blink rate (Fig. 6) , it was possible that humans and rats exhibited similar temporal patterns to their spontaneous blinking.
As occurred with rodents (Fig. 2) , the human IBI probability distribution was not normally distributed. The median human IBI (2.7 Ϯ 0.5 s) was lower than the average IBI (Fig. 11 A) . Plotting the log of the average of all subjects' IBI probabilities as a function of the log IBI revealed power law scaling of IBI probability for IBIs Ͼ1.025 s (Fig. 11 B) . The exponent, ␣, for this power law scaling ranged from Ϫ1.71 to Ϫ0.89 for the 10 subjects, with ␣ ϭ Ϫ1.24 for the averaged IBI. The power law scaling of the IBI indicated that the mean blink rate depended upon the length of data collection in humans (Fig. 11) , as it does in rats (Fig. 2) . We plotted the average blink rate as a function of the time of data collection in 1 min increments for four subjects (Fig.  11C ). As occurred with rats, shorter periods of data collection typically produced higher blink rates than did longer periods of data collection. Averaged across all 10 subjects, the blink rate measured over the first 10 min of data collection was significantly higher than that measured over the first 24 min of collection (t (9) ϭ 3.19, p Ͻ 0.05).
As in rats, human spontaneous blinking exhibited periodicity (Fig. 12) . Calculating the autocorrelation of the blink rate over a 24 min period revealed clear periodicity (Fig. 12 A) that was confirmed by performing a FFT on the autocorrelation (Fig. 12 B) . For the subject illustrated in Figure 12 , the frequency at peak power was 0.000833 Hz (Fig. 12 B) . Across all subjects, the mean frequency at the peak power was 0.0055 Ϯ 0.003 Hz, a period of Figure 11 . A, Interblink interval probability distribution for 10 human subjects (symbols) and the average probability distribution of all subjects (solid line). B, Log interblink interval probability of average human data as a function of the log interblink interval. C, Mean blink rate determined in increments of 1 min for four subjects over the first 20 min of data collection relative to the mean blink rate in the first 24 min of data collection. determine whether this periodicity represented temporal organization, we randomly shuffled the order of the IBIs and calculated the autocorrelation and the autocorrelation FFT of the resulting blink order. For the subject illustrated in Figure 12 , shuffling reduced the periodicity revealed by the autocorrelation (Fig. 12C ) and the FFT of the autocorrelation (Fig. 12 D) . For all subjects, the peak power of the shuffled IBIs was significantly less than that of the real data (t (9) ϭ 3.05, p Ͻ 0.05). As occurred with rats (Fig.  3) , shuffling significantly increased the frequency at the peak power for humans (t (9) ϭ Ϫ2.49, p Ͻ 0.05). As with the rat data (Fig. 5) , the frequency at peak power of the FFT autocorrelation was independent of the bin size, and the peak power decreased as bin size increased from 1 to 3 to 6 to 10 s in humans (data not illustrated).
The log Fano factor typically exhibited a constant value of Ͻ1 between one and five second counting intervals, but steadily increased with higher counting intervals in humans (Fig. 12 E) . To estimate the increase in Fano factor with the counting interval, we calculated the Fano factor exponent using counting intervals between 10 and 144 s. The Fano factor exponent correlated with the regularity of the spontaneous blink pattern as measured by the peak power of the FFT of the autocorrelation (Fig. 12 F) . Shuffling the IBI order significantly reduced the Fano factor exponent for all subjects, demonstrating that the increasing Fano factor with counting interval reflected a temporal organization of human spontaneous blinking (t (9) ϭ 4.68, p Ͻ 0.005).
Discussion
Although they had significantly different mean IBIs (rats: 12.6 Ϯ 0.75 s; humans: 4.3 Ϯ 0.8 s; t (42) ϭ Ϫ3.74, p Ͻ 0.001), both species displayed qualitatively similar temporal organization to their spontaneous blink pattern. The IBI distribution exhibited power law scaling (Figs. 1 B, 10B) . When ␣ Ͼ Ϫ2, which is the case for rat and human blinking, it is not possible to determine the blink rate because of power law scaling. This characteristic is consistent with our observation that the mean blink rate depended upon the length of data collection. The higher probability of encountering a short rather than a long IBI caused the estimated spontaneous blink rate to be higher for shorter than for longer periods of data collection (Figs. 2C, 11C ). For rats, the mean spontaneous blink rate required at least 15 min to approach a near plateau level (Fig.  2C ) but continued to decrease slightly throughout the 55 min recording period. In humans, the blink rate peaked in the first 1-5 min of data collection and then decreased over the next 19 min (Fig. 11C) . One possible explanation for this pattern in humans was that the lid coils were mildly irritating until subjects became habituated to their presence. This is unlikely because these data were collected after 3 min of habituation to the experimental situation and our data were nearly identical to those collected using video cameras (Zaman and Doughty, 1997) . We plotted the average blink rate in 1 min increments relative to the average blink rate after 5 min of data collection for our 10 subjects and the 14 subjects reported by Zaman and Doughty (1997, their Table  1 ). Blink rates determined with a lid coil (Fig. 13, •) or a video camera (Fig. 13 , OE) exhibited nearly identical increases over the first 5 min of recording. In our study, however, determining blink (D) using 6 s bins. E, Log Fano factor as a function of the log counting interval for subject A for normal (black line) and five shuffles (gray lines) of normal data. F, Fano factor exponent as a function of peak power. Each point is data from a single subject.
rates for periods longer than 5 min revealed a steady decline in the rate of human spontaneous blinking (Fig. 11C) . Thus, the average spontaneous blink rate depended upon the length of data collection for both rats and humans.
For both species, the pattern of spontaneous blinking revealed long-term periodicity composed of frequent blinking episodes interspersed with interludes of few blinks. An autocorrelation analysis of the blink rate and a FFT of the autocorrelation demonstrated this periodicity (Figs. 3, 12) . In rats, the median period for the blink pattern was 750 s, whereas the median blink period was 460 s for humans. The exponent characterizing the increase in log Fano factor with log counting interval correlated with blink pattern regularity (Figs. 4, 7, 12) . The periodicity and regularity identified by the FFT and Fano factor exponent reflected the temporal organization of spontaneous blinking because shuffling the IBI order eliminated or significantly reduced the periodicity in both species (Figs. 3, 4, 12 ). This temporal pattern was independent of the spontaneous blink rate (Figs. 6, 8) . Thus, rat and human spontaneous blinking exhibited similar periodic increases and decreases in blink rate that were independent of the mean blink rate measured over periods of time from 1440 to 3300 s. These similarities demonstrate that the rat is an appropriate animal model for investigating the neural bases of spontaneous blinking.
It is possible that the temporal organization of spontaneous blinking came about from the linkage of blinks to ongoing behaviors rather than ensuing from the activity of a blink generator. Given the numerous influences on spontaneous blink rate involving attention and task (Karson, 1988; Orchard and Stern, 1991; Pivik and Dykman, 2004) , the temporal organization determined in humans could reflect changes in attention to the movie storyline that the subjects watched (Nakano et al., 2009) . This is unlikely, however, because subjects exhibited similar patterns of temporal organization even though they watched different movies. Moreover, the temporal periodicity of spontaneous blinking exhibited by rats who did not receive patterned external stimulation was not significantly different from that of humans. The simplest explanation of the temporal organization of blinking is that it reflects the action of an endogenous spontaneous blink generator.
Evidence from the present study suggests that the spinal trigeminal complex is an integral component of the spontaneous blink generator circuit. The effects of dry eye on the spontaneous blink pattern is one line of evidence supporting this interpretation. Consistent with previous data from humans (Tsubota et al., 1996; Nakamori et al., 1997) , dry eye increases the spontaneous blink rate in rats. The enhanced regularity of the spontaneous blink pattern with dry eye (Figs. 7, 8) , however, demonstrates that the elevated blink rate is not due to the uncorrelated addition of corneally evoked reflex blinks to an ongoing spontaneous blink pattern. The blink oscillations associated with corneal irritation may account for the increased regularity of spontaneous blinking with dry eye. Blink oscillations are a series of blinks occurring at a constant interval following a trigeminal blink-evoking stimulus in individuals with corneal irritation Schicatano et al., 2002; Henriquez and Evinger, 2007) . They result from the activity of spinal trigeminal neurons (Henriquez and Evinger, 2007) . The simplest interpretation for the increased regularity is that the spinal trigeminal complex incorporates corneal reflex blinks and blink oscillations into the pattern of spontaneous blinking in the same way that the swimming central pattern generator incorporates escape responses into the ongoing swim pattern (Svoboda and Fetcho, 1996) .
The basal level of corneal afferent input to the spinal trigeminal complex may establish the mean IBI for spontaneous blinking. In humans, tear film break-up begins ϳ15 s after completing a blink (Németh et al., 2002; Montés-Micó et al., 2004) . Breaks in the tear film expose the corneal surface to air and increase corneal afferent activity (Acosta et al., 2001) . Under normal conditions, a spontaneous blink generator should incorporate approximately three to four blinks a minute into the spontaneous blink pattern. Although tear film break-up times are not known for rats, the estimated rat tear film thickness, 11.4 -12.6 m, is approximately four times that of humans, 3 m (King-Smith et al., 2004). Assuming that a thicker tear film has a longer break-up time than a thinner film, the rat spontaneous blink generator should incorporate fewer corneal blinks per minute into the spontaneous blink pattern than would humans. Consistent with the basal corneal afferent input into the spinal trigeminal nucleus setting the mean IBI, anesthetizing the cornea reduces the spontaneous blink rate in humans (Ponder and Kennedy, 1927; Nakamori et al., 1997; Naase et al., 2005; Borges et al., 2010) . Thus, independent of the spontaneous blink pattern, the level of corneal afferent input may set the average IBI (Bacher, 2010) . Dopaminergic modulation of spontaneous blinking (Karson, 1983 (Karson, , 1988 Elsworth et al., 1991; Lawrence and Redmond, 1991; Kleven and Koek, 1996; Taylor et al., 1999 ) also supports the hypothesis that the spinal trigeminal complex is an essential element of the spontaneous blink generator circuit. Changes in dopamine levels affect spontaneous blinking and trigeminal reflex blinks in a similar fashion. Reduced dopamine levels increase trigeminal reflex blink amplitude and excitability Evinger et al., 1993) . Likewise, dopamine receptor antagonists increase spontaneous blink amplitude (Fig. 9B) . Conversely, treatment with apomorphine, a dopamine agonist, decreases both trigeminal reflex blink and spontaneous blink (Fig. 9B) amplitude. Basal ganglia dopamine levels alter trigeminal reflex blink amplitude and excitability through substantia nigra pars reticulata inhibition of the superior colliculus, superior colliculus excitation of the nucleus raphe magnus, and nucleus raphe magnus inhibition of the spinal trigeminal complex Gnadt et al., 1997) . With Parkinson's disease, the elevated activity of the substantia nigra pars reticulata (Wichmann and DeLong, 2003) would reduce nucleus raphe magnus inhibition of the trigeminal complex, thereby increasing blink amplitude and reducing the rate of spontaneous blinking. The opposite result would occur Figure 13 . Mean blink rate determined in increments of 1 min for our 10 subjects (•) and 14 subjects from Zaman and Doughty (1997) (OE) over 5 min of data collection relative to the mean blink rate during the first 5 min of data collection.
with dopamine receptor agonists (Kliem et al., 2007) . Similar to the increase in birdsong variability with dopamine depletion and its reduction with elevated dopamine levels (Leblois et al., 2010) , increased dopamine levels reduce blink variability and decreased dopamine levels enhance blink variability. Thus, indirect modifications of the spinal trigeminal complex by the basal ganglia can account for changes in spontaneous blink rate (Fig. 9 ) and variability (Fig. 10) associated with dopamine levels.
The dopamine and dry eye data point to an essential role of the spinal trigeminal complex in the spontaneous blink generator. The spinal trigeminal complex receives a direct corneal afferent input (Panneton and Burton, 1981; Shigenaga et al., 1986; van Ham and Yeo, 1996) and contains the second order neurons of the three-neuron corneal reflex blink circuit (Henriquez and Evinger, 2007) necessary to control mean IBI and incorporate corneal reflex blinks into the spontaneous blink pattern. The basal ganglia regulation of spinal trigeminal activity enables dopamine to modify blink rate and variability. Although the location of the spontaneous blink generator circuit is unknown, the data suggest that the spinal trigeminal complex plays a direct rather than a modulatory role in the circuit.
